Abstract One of the major advantages of utilizing atmospheric pressure plasma processing (APPP) technology to fabricate ultra-precision optics is that there is no subsurface damage during the process. In APPP, the removal footprint and removal rate are critical to the capability and efficiency of the figuring of the optical surface. In this paper, an atmospheric plasma torch, which can work in both remote mode and contact mode, is presented. The footprints and the removal rates of both modes are compared by profilometer measurements. The influences of process recipes and substrate thickness for both modes are investigated through a series of experiments. When the substrate is thinner than 12 mm, the removal rate in contact mode is higher. However, the removal rate and width of the footprint decrease dramatically as the substrate thickness increases in contact mode.
Introduction
Fused silica is widely used in the optics industry because of its excellent optical and thermal properties [1] . For example, in the optics system of inertial confinement fusion (ICF), various types of optics are made of fused silica, such as the wedged focus lens with nonuniform thickness and the phase plate of high spatial resolution [2] . Regular mechanical machining of fused silica such as grinding, lapping and polishing may induce surface and subsurface damage during the abrasive steps [3−5] . In recent years, the plasma processing technology at atmospheric pressure has developed rapidly. RAPT industries Inc. has developed the apparatus and method for shaping damage-free surfaces such as fused silica, single crystal silicon and silicon carbide with the help of inductively coupled atmospheric pressure plasma generated by a radio frequency power source with the addition of fluorocarbons or other types of reaction gases [6] . The Leibniz-Institute of Surface Modification [7] and Osaka University [8] also utilized a microwave power source and capacitively coupled plasma respectively to accomplish similar processing. These methods mainly rely on the chemical reactions between active particles including radicals and ions in the plasma and substrate surface atoms. Therefore, it can avoid the subsurface damage caused by mechanical stress and allow, in principle, the high-speed removal equivalent to chemical polishing [9] . For the optical figuring by an atmospheric plasma torch, the dwell time at a certain point is obtained by deconvolving the torch footprint from the figure error at that point [10] . Therefore, the footprint of the torch determines the figuring capability and efficiency. Many groups have designed various kinds of plasma sources to get a wide range of footprint sizes. Arnold et al. presented high power and compact microwave-driven plasma jet sources and the miniature radio frequency-driven source [7] . Subrahmanyan et al. obtained different footprints by adjusting the aperture size of the inductively-coupled plasma torch [10] . Yamamura et al. combined a rotary electrode and a pipe electrode to get a mutual balance between efficiency and spatial resolution [11] . For each specific plasma source, the common method of tuning the size of footprint is to adjust the processing recipes. Fanara et al. studied the removal rate of ULE optical surfaces for a different gas admixture, torch scanning speed and applied power [12] . Schindler et al. studied the relationship between the removal rate of quartz and the substrate temperature [13] . Eichentopf et al. researched the dependence of the removal rate of SiC on the gas mixtures and sample temperature [14] . Takino et al. studied the effect of the gap distance between the electrode and the workpiece surface on the removal rate of synthetic silica glass [15] . Sano et al. got the influences of temperature on Si and SiC removal rates [16] .
A Dielectric Barrier Discharge (DBD) plasma torch, which can work in a glow regime, was designed and tested in our previous work [17] . The torch is now so installed as to enable the generation of plasma in either contact mode or remote mode, depending on where the apparatus is grounded. As a result, the footprint sizes can be adjusted by changing the working modes without changing the torch structure. The removal rates depending on different recipes in both modes are compared in detail. The influence of the substrate thickness in both modes is closely investigated.
Experimental setup
The APPP system used for this experiment has been described in detail before [17, 18] . It includes the RF power supply and matcher, gas supply and control apparatus, tail gas treatment system, motion controller, plasma torch and in situ monitoring devices.
The DBD plasma torch, which can work in both remote mode and contact mode, is shown in Fig. 1 . As can be seen in Fig. 1(a) , it consists of two coaxial electrodes with RF power applied to them, and the ceramic nozzle between them is used as the dielectric barrier layer. The tips of the electrodes are flush with the end of the torch nozzle. This is called remote mode because the plasma is generated in the nozzle away from the substrate surface, and the etching mainly depends on the diffusion of radicals to the substrate surface. As shown in Fig. 1(b) , in the contact mode, the central aluminum electrode of the plasma torch is connected to the RF power while the worktable is grounded. The tip of the high voltage electrode is also flush with the end of the ceramic nozzle. The fused silica substrate itself acts as a dielectric barrier layer directly. In this contact mode, the plasma is directly generated between the substrate and the electrode. As a result, this mode has much more ion generation at the substrate, and it has a comparably higher radical density and smaller footprint compared to the remote mode. However, for the contact mode, the thickness of the dielectric barrier layer, i.e. the substrate thickness, could directly affect the electric field strength, and in turn affect the removal rate. On the contrary, for the remote mode, as long as the size of the ceramic nozzle is fixed, the removal rate is expected to keep stable under the same processing recipe. That is to say, the change of substrate thickness would not affect the material removal rate in the remote mode.
To compare the removal rates between remote mode and contact mode, fused silica substrates were processed under various recipes in both modes. The changes of the removal depth with the processing time, flow rate of CF 4 and flow rate of O 2 were studied when 3 mm-thick fused silica substrates were utilized. Moreover, the change of the removal rate with the substrate thickness was investigated. One to three pieces of 3 mm-thick fused silica substrates were stacked to form the thickness series of 3 mm, 6 mm and 9 mm; additional fused silica blocks of 10 mm, 20 mm, 30 mm, 40 mm and 50 mm are placed under the fused silica substrates to form the thicknesses of 13 mm, 23 mm, 33 mm, 43 mm and 53 mm. During the process, the plasma spectral intensity was monitored in real time by an atomic emission spectrometer (AvaSpec-2048, Avantes Inc, Netherlands). The optical fiber of the optical emission spectrometer (OES) was always located 5 cm from the tip of the high voltage electrode. 
Results and discussions
APPP is a complicated physical and chemical process, so the material removal rate can be influenced by a large number of factors. In this paper, we would mainly focus on such factors as the processing time, flow rate of reactive gases and the substrate thickness. Therefore, for all the following experiments, the flow rate of plasma gas helium was 2 slm, the vertical distance between the torch nozzle and the substrate surface was 2 mm, and the input power was kept at 260 W.
Removal profiles of remote mode and contact mode
Typical removal profiles in the remote mode and contact mode are shown in Fig. 2 . In both of the trials, the flow rates of CF 4 and O 2 were 30 sccm and 5 sccm, the processing time was 2 min, and the substrate thickness was 3 mm. The surface profiles were obtained by a profilometer (Talysurf PGI 1240, Taylor Hobson Co., UK). In addition, the discharge pictures in Fig. 1 were also taken under this recipe. We can see from Fig. 2 that both of the removal profiles were of a Gaussian shape. The removal depth and FWHM of the remote mode were ∼2.3 μm and ∼5.2 mm, while those of the contact mode were ∼6.0 μm and ∼3.8 mm. That is to say, compared to the contact mode, the removal profile in the remote mode was wider but shallower under this recipe. This result could also be roughly estimated by the visible discharges in Fig. 1 . The discharge in remote mode was more diffusive but weaker than that in the contact mode.
Linear trends of removal depth with processing time
In the APPP, the relationship between the material removal rate and the processing time directly influences the complexity and accuracy of the processing algorithm. Therefore, the variation of the removal depth with the processing time was first investigated here, as shown in Fig. 3 . The flow rates of CF 4 and O 2 were 30 sccm and 5 sccm, and the processing times were 1 min, 3 min, 5 min and 7 min. As can be seen in Fig. 3 , both of the trends could be fitted by a linear function. The fitting results were given as follows.
Depth contact = (2.657t + 0.013) μm (Adj.R − Square : 0.99836).
The Adj. R − Square values were both larger than 0.99, which meant that the removal rate was almost linear with the processing time in both modes. The removal rates in remote mode and contact mode were approximately 1.1 μm/min and 2.7 μm/min, respectively, which indicated that the removal rate in the contact mode was roughly 2.5 times of that in remote mode under this recipe.
In all later sections, the processing time for each trial was kept at 2 min. Since the removal depth can be considered linear with the processing time to the extent of 7 min, it is appropriate that the variation of removal depth in 2 min could be used to describe the removal rate trend.
Effects of flow rate of reactive gases on removal depth
In this section, the flow rate of helium was kept at 2 slm. Since the flow rates of CF 4 and O 2 were much smaller than helium, the total flow rate was about the same for all cases. Firstly, the flow rate of CF 4 was kept at 30 sccm, and the flow rates of O 2 were set at 0 sccm, 3 sccm, 6 sccm and 10 sccm. Fig. 4(a) to produce COF 2 , CO or CO 2 . Also, the enhanced dissociation process generated more F radicals in the chemical reaction [8, 19] . In remote mode, the plasma was ignited between the outer and the inner electrodes. The quantity of reactive radicals dropped off dramatically during the journey from the nozzle to the substrate [20] . As a result, the removal depth was close to zero when the flow rate of O 2 was zero in remote mode. However, as the flow rate of O 2 increased from 0 sccm to 10 sccm, active F atoms were able to reach the substrate surface, and the removal depth in 2 min increased rapidly from 0.02 μm to 3.8 μm. In contrast, in contact mode, the reactive F atoms had higher concentration close to the substrate. Therefore, even when there was no O 2 , the removal depth was still much larger than zero. As the flow rate of O 2 increased from 0 sccm to 10 sccm, the removal depth increased from 3.1 μm to 7.5 μm. On the whole, the removal depth in contact mode was higher than that in remote mode under these recipes, and the remote mode was more sensitive to the flow rate of O 2 .
Secondly, the flow rate of O 2 was kept at 5 sccm, and the flow rates of CF 4 were varied from 10 sccm to 100 sccm with an increment of 10 sccm. As shown in Fig. 4(b) , in the remote mode, the removal depth first rose with the increase of CF 4 to reach a peak value at 4.5 μm and then went down. This was because when the flow rate of CF 4 was less than 70 sccm, the migration of active F atoms went up with the increase of the CF 4 flow rate. However, if the flow rate of CF 4 kept going up, the electron density might decrease when the flow rate was too high [20] , which would in turn lower the F radical generation. Another possible reason was that there might be CF x coverage on the surface, which required ion impinging to activate etching [21] . Further, the increased flow rate might decrease the plasma density close to the substrate and hereby inhibit the removal of CF x on the surface. As a result, the removal depth went down after CF 4 was more than 70 sccm in remote mode. Contrastively, in the contact mode, the etching rate increased when the flow rate of CF 4 was below 30 sccm, and it kept nearly stable at about 5.5 μm after reaching the peak. After the flow rate of CF 4 was beyond 30 sccm, O 2 was not enough to promote the generation of more F atoms, thus the removal depth kept almost stable here. Again, we could see the superiority of the contact mode in the aspect of the removal rate, and it was not as sensitive to the ratio of O 2 as the remote mode. To sum up, increasing the flow rate of CF 4 may increase the concentration of F so that the etching rate can be increased to some extent in both modes. However, keeping the ratio of O 2 over CF 4 would further increase the etching rate, especially for the remote mode.
Effects of substrate thickness on removal rate
The thickness of the dielectric barrier layer is one of the most critical factors influencing the DBD process [22] . The current density of the discharge space can be described as:
where J e represents the discharge current, n e represents the electron density, e represents the unit electron charge, μ e represents the electron mobility, V g and V represent the voltage across the gas and the total voltage, l d and l g represent the thicknesses of the dielectric barrier layer and the gas gap, ε d represents the dielectric constant of the dielectric barrier layer, A represents the discharge area, T represents the duration time of one discharge cycle, while C g and C represent the capacitance of the gas area and the total capacitance. When the processing recipe is fixed, all of e, μ e , V g , V , l g , ε d , A, T and C g are fixed parameters. In this case, the discharge current is a function of dielectric barrier thickness l d , and the plasma density is proportional to the discharge current. If we assume that the spectrum intensity and the material removal rate are linear with the plasma density, and the plasma chemistry is not significantly impacted when the plasma density is changed in a relatively small range, then it is expected that the spectrum intensity and the material removal rate would have a similar relationship with the thickness of the dielectric barrier layer. Therefore, we can try to conduct a reciprocal fitting of experimental data as follows.
where f (x) represents the spectrum intensity or the removal rate, and x is the thickness of the dielectric barrier layer. A typical spectrum of the plasma in the range of 580 nm to 750 nm is shown in Fig. 5 . This spectrum was taken during the contact mode experiment in section 3.1.
Most of the peaks were identified as helium and fluorine. The maximum peaks for He (587.56 nm and 706.52 nm) and F (685.60 nm and 739.87 nm) were selected to analyze the variation trends of atomic emission intensity with the substrate thickness, as shown in Fig. 6 . The recipe was the same as section 3.1, and the thickness series was 3 mm, 13 mm, 23 mm, 33 mm, 43 mm and 53 mm. In Fig. 6 , we can see that both the He and F spectrum intensities decreased greatly with the increase of substrate thickness in contact mode, while the intensities had only small fluctuations in remote mode. This meant that in contact mode when the electric field intensity decreased, the plasma density dropped which could lead to a decrease of reactive F atoms. On the other hand, the substrate thickness had little effect on the plasma density in remote mode. The He spectra at 587.56 nm and 706.52 nm in contact mode could be fitted using the model in Eq. (4), and the fitting results are shown in Eqs. (5) and (6) below. Similarly, the F spectra at 685.60 nm and 739.87 nm were fitted as shown in Eqs. (7) and (8). 
Spec He739.87 = 7392 thickness − 0.9399 (Adj.R − Square : 0.99844).
The Adj. R − Square values were all larger than 0.99, which matched the assumed relation in Eq. (4) above. Furthermore, the effects of the substrate thickness on the removal rate were studied. The thickness series was 3 mm, 6 mm, 9 mm, 13 mm, 23 mm, 33 mm, 43 mm and 53 mm. The removal profile of APPP is of a Gaussian shape, and can be described as:
where a and c represent properties of the Gaussian shape in the depth and width directions. The FWHM of the removal profile can be calculated as,
and the removal volume of the Gaussian-shape removal profile can be calculated as,
The variation trends of removal depth, FWHM and removal volume are shown in Fig. 7 .
For the contact mode, the increase of substrate thickness decreases the plasma density. As a result, the concentration of F radical and the radial distribution all decrease, which lead to decreases in the removal rate and the FWHM of the footprint shown in Fig. 7 . On the other hand, since the thickness of the substrate barely affects the plasma in remote mode, both the removal rate and the FWHM change little in remote mode. The variation trends in contact mode can be described by Eqs. (12), (13) and (4) listed below. What is more, these equations are only valid when the capacitance of the discharge barrier is comparable with or smaller than that of the gas region. When the thickness approaches zero, the capacitance of the discharge barrier would be too high to maintain the diffusive glow discharge mode. 
Fig. 7 also showed that when the substrate was thin, the removal rate in contact mode was higher than that in remote mode. This superiority became less obvious as the substrate became thicker. When the substrate was thicker than 12 mm, the removal depth in contact mode became lower than that in remote mode. Nevertheless, the removal FWHM decreased with the substrate thickness in contact mode, which indicated that a better processing resolution could be obtained when the substrate was thicker.
Conclusion
The APPP of fused silica by DBD plasma torch in remote mode and contact mode was studied in this work. The influences of gas recipes and substrate thickness on the removal rate and the footprint in contact mode and remote mode were investigated in detail. It was discovered that adding O 2 and keeping the O 2 /CF 4 ratio can significantly increase the etching rate in both modes, and the remote mode is more essential to the O 2 concentration. Increasing the thickness of the substrate can greatly decrease the etching rate and the FWHM in contact mode, while both values in the remote mode remain unchanged. The experiment results indicate that for a flat fused silica substrate, the contact mode can achieve a higher etching rate with an adjustable FWHM when the thickness is thin. On the other hand, the remote mode can achieve a steady etching rate and FWHM when the substrate is thick. However, if the substrate is not uniform in thickness, the dwell time at each point in contact mode needs to be adjusted to compensate for the influence of the thickness on the etching rate and FWHM. On the other hand, the remote mode with a stable etching rate and FWHM will obviously require a simpler dwell time calculation. In addition, the plasma in remote mode is more diffusive than that in contact mode, which indicates that the contact mode with a low FWHM and high F radical concentration may be preferred when a high processing resolution is required.
